Chi Y, Pucci ML, Schuster VL. Dietary salt induces transcription of the prostaglandin transporter gene in renal collecting ducts. Am J Physiol Renal Physiol 295: F765-F771, 2008. First published June 25, 2008 doi:10.1152/ajprenal.00564.2007.-Prostaglandin E 2 (PGE 2 ) plays an important role in maintaining body fluid homeostasis by activating its receptors on the renal collecting duct (CD) to stimulate renal Na ϩ and water excretion. The PG carrier prostaglandin transporter (PGT) is expressed on the CD apical membrane, where it mediates PG reuptake as part of the termination of autocrine PG signaling. Here we tested the hypothesis that dietary salt loading regulates PGT gene transcription in renal CDs. We placed green fluorescence protein (GFP) under control of 3.3 kb of the mouse PGT promoter and injected this construct into the pronuclei of fertilized FVB mouse eggs. Four of thirty-eight offspring were GFP positive by genotyping. We extensively characterized one (no. 29) PGT-GFP transgenic mouse line. On microscopic examination, GFP was expressed in CDs as determined by their expression of aquaporin-2. We fed mice a low (0.03% NaCl)-, normal (0.3% NaCl)-, or high-salt (3% NaCl) diet for 2 wk and quantified CD GFP expression. The average number of GFP-positive CD cells per microscopic section varied directly with dietary salt intake. Compared with mice on the control (0.3% sodium) diet, mice on a low-sodium (0.03%) diet had reduced numbers of GFP-positive cells (71% of control, P Ͻ 0.001), whereas mice on a high-sodium (3%) diet had increased numbers of GFPpositive cells (139% of control, P Ͻ 0.001). This increase in apparent CD PGT transcription resulted in a 51-55% increase (P Ͻ 0.001) in whole kidney PGT mRNA levels as determined by real-time PCR. The regulation of PG signal termination via reuptake represents a new pathway for controlling renal Na ϩ balance.
organic anion transport; natriuresis; dietary sodium; transgenic mice THE KIDNEY CONTROLS BODY FLUID VOLUME, osmolality, and homeostasis by controlling NaCl and water reabsorption. Although most salt and water reabsorption takes place in the proximal tubule and thick ascending limb of Henle's loop, the collecting duct (CD) is the final regulator of sodium and water balance (20, 37) . Na ϩ and water reabsorption are tightly regulated by nonhormonal and hormonal factors, including the renal-angiotensin-aldosterone system and prostaglandins.
Prostaglandins have potent effects on renal Na ϩ and water absorption (19, 21-23, 29, 45, 46) . Prostaglandin E 2 (PGE 2 ), the major prostaglandin produced in the kidney (13, 42) , inhibits net Na ϩ and water reabsorption by the CD (19, (21) (22) (23) 46) , thus inducing natriuresis and diuresis (21, 29, 45) . Indeed, dietary salt loading induces expression of cyclooxygenase (COX)-2 in renal medullary interstitial cells (10, 18, 36, 50, 51) . Since these cells also express PGE synthase (10) , the resulting PGE 2 enters the medullary interstitium, binds to EP 1 and/or EP 3 receptors on the basolateral membrane of the CD, and inhibits Na ϩ absorption (19, 22) . Curiously, urinary PGE 2 excretion fails to rise at an equal pace with this increase in medullary PGE 2 synthesis during dietary salt loading. Although this may be due simply to the inability of medullary interstitial PGE 2 to cross CD tight junctions (15) , this observation is particularly remarkable since CDs themselves synthesize and release PGE 2 into the urinary space (8, 10, 24, 42, 49 -51) . In fact, urinary PGE 2 actually varies inversely with NaCl intake (1-4, 11, 39, 43, 44, 47) , implying a mechanism that clears the urinary space of PGE 2 during salt loading. Such a clearance mechanism would be especially important since PGE 2 residing in the tubule lumen would inhibit the desired natriuresis by stimulating apical EP 4 receptors (5, 38, 48) .
The prostaglandin transporter (PGT) is constitutively expressed at the CD apical or subapical membrane and mediates PGE 2 uptake (6, 7, 28, 34) . In a polarized CD cell culture model system, we have shown that PGT extracts PGE 2 from the apical (urinary) solution, transports it across the CD epithelium, and delivers it, essentially intact, to the basolateral solution (12) . Thus in situ PGT in the CD would reduce luminal PGE 2 and minimize the stimulation of apical (antinatriuretic) EP 4 receptors while simultaneously increasing basolateral PGE 2 and stimulating basolateral (natriuretic) EP 1 and/or EP 3 receptors.
Because of these predicted effects of PGT to enhance or sustain natriuresis, we asked whether salt loading might increase expression of PGT along the renal CD. To test this hypothesis, we constructed mice transgenic for a PGT promotergreen fluorescence protein (GFP) reporter. Here we show that PGT is transcriptionally expressed along the CD nephron segment and that CD PGT transcriptional levels are significantly increased by high salt intake.
MATERIALS AND METHODS
Materials. Designed primers were purchased from Invitrogen. Restriction enzymes were from either Promega or New England Biolabs. The expanded high-fidelity PCR system was purchased from Roche. Qiagen kits were used for purification of PCR products. Superfect transfection reagent was obtained from Qiagen. The DNA extraction kit was purchased from Lambda Biotech. The vector pEGFP-1 was purchased from BD Biosciences/Clontech. FVB/N mice were obtained from Charles River Laboratories. Antibody against aquaporin-2 (AQP2) was from Alpha Diagnostic International. The secondary antibodies, Alexa Fluor 350 goat anti-rabbit IgG and Alexa Fluor 568 goat anti-rabbit IgG, were purchased from Molecular Probes.
Plasmid construction. A PCR product containing the genomic sequence of PGT from 5Ј nucleotides Ϫ3,423 to Ϫ113 (referenced to the ATG start codon) was amplified at an annealing temperature of 55°C using primers containing SalI and SacII restriction sites (5ЈACGCGTCGACCAGTCCAAGCTTGTATCGCTG3Ј and 5ЈTCC CCGCGGGCGAGACGTGGAGACTGAGC3Ј). This PCR product was digested with SalI and SacII sequentially. The 3.3-kb amplification product, provisionally considered as the PGT promoter, was gel purified and subcloned into the pEGFP-1 vector at the SalI and SacII sites. The sequence of the resulting PGT promoter-GFP reporter was checked by two methods, 1) digestion with restriction enzymes including SalI, SacII, AatII, BamHI, and BbSI and 2) sequencing with primers 5ЈCGTTATCCCCTGATTC3Ј, 5ЈAGGAGCAGCCATCTT-GTGAC3Ј, 5ЈTTTTGTCCCAACCCCCAGCACTTC3Ј, 5ЈAGG-CGACAGCGGCTGGG3Ј, and 5ЈCGTCGCCGTCCAGCTCGA-CCA3Ј.
Transient transfection. 3T3 cells were seeded at 25-30% confluency. Twenty-four hours later, they were transfected with PGT promoter-GFP reporter. Pictures of transfected 3T3 cells were taken 24 -48 h after transfection.
Generation and breeding of transgenic mice. The circular transgene was excised from the vector by digestion with BamHI and AflII and purified by electrophoresis. The linear transgene of 4,361 base pairs containing the PGT promoter-GFP reporter was isolated and purified. Transgenic founder mice were created by the Transgenic Mouse Facility at Albert Einstein College of Medicine. The transgene was injected into the male pronucleus of single-cell embryos derived from FVB/N mice, and the embryos were implanted into pseudopregnant females. Candidate transgenic mice were weaned, and toe and tail clips were obtained before 21 days of age. After genotyping, the founder mice (F0) were mated with wild-type FVB/N mice to generate transgene positive offspring F1, F2, F3, and F4.
Genotyping of transgenic mice. Genotyping of transgenic mice was conducted by conventional PCR. Mouse genomic DNA was extracted from tails. Transgenic mice were prescreened by PCR for GFP positivity. The primers used to amplify a fragment of 342 base pairs within GFP reporter were 5ЈGCACCATCTTCTTCAAGGACGAC3Ј for forward and 5ЈTCTTTGCTCAGGGCGGACTG3Ј for backward. The annealing temperature was 59°C, and the cycle number was 30.
Real-time quantitative PCR. To check the stability of the transgene within the first five generations, real-time quantitative PCR was conducted. The primer set in the PGT region consisting of 5ЈCCTC-CTCCGAACTGCCTCAAG3Ј for the forward direction and 5ЈCCTCTCCTGGACTGGGACCTTAG for the backward was used to determine the relative copy numbers of the transgene compared with the native copy number of PGT, which is 2. The primer set in the GFP region consisting of 5ЈGAACGGCATCAAGGTGAACTTC3Ј for the forward direction and 5ЈTGGGTGCTCAGGTAGTGGTT-GTC3Ј for backward was used to confirm the relative copy numbers. IL-2␤ is a housekeeping gene and was used as internal control for the quantity of genomic DNA. A sample (10 ng) of genomic DNA from tails of mice was mixed with SYBR green. The PCR was conducted using the following parameters: 1 cycle of 95°C for 10 min; and then 40 cycles of 95°C for 10 s, 60°C for 35 s, and 72°C for 30 s. The C t values of the samples were determined as the average of triplicates, where C t is the cycle threshold. The relative copy numbers were calculated by the following equation (16, 17, 30) : relative DNA copy number ϭ 2
Ϫ⌬⌬Ct , where Ϫ⌬⌬Ct ϭ Ct(sample) Ϫ Ct(wt). Visual analysis of transgene expression. F1-F4 transgenic mice of lines 13 and 29 were analyzed for transgene expression. Transgenic mice were euthanized by exsanguination after methoxyflurane or halothane anesthesia, and the kidneys or other organs were dissected for the various studies described below. The expression of GFP was examined by fluorescence microscopy. Slices of fresh kidney were fixed with 4% paraformaldehyde for 0.3 h and sectioned at 50 to 200 m by microtome. Thin sections were prepared from tissues by perfusion-fixation and/or immersion for 1 h in PBS containing 4% paraformaldehyde. Specimens were cryoprotected overnight in 30% sucrose, embedded in optimal cutting temperature compound, frozen in isopentane, and sectioned at 5 to 10 m using a Leica Frigocut 2800N cryostat (14, 31, 33) . Sections were mounted with aqueous medium (Vectashield) and visualized under fluorescent microscope.
Immunofluorescent staining. Cryosections (5-10 m thick) were prepared from formaldehyde-fixed tissues, mounted, and incubated with primary antibody (for PGT or AQP2) in 5% BSA and 2% gold serum overnight at 4°C. Sections were then washed with PBS three or four times, 8 -10 min each time. They were then incubated with a 1:1,000 dilution of Alexa Fluor 350-coupled or Alexa Fluor 568-coupled goat anti-rabbit IgG in PBS for 1 h at room temperature and washed. Stained sections were mounted with Vectashield and examined under a fluorescence microscope.
Quantification of urinary sodium and water excretion and of renal GFP expression, as a function of dietary sodium intake. From one generation of GFP transgenic mice, three sex-matched littermates with similar baseline GFP expression levels (as determined by conventional PCR and copy numbers of the transgene) were selected from each of three separate litters (n ϭ 9). Each littermate was randomized to the low-, normal-, or high-salt diet. This process was repeated with the transgenic offspring of a subsequent generation; thus this generation of offspring also contributed three mice to each of three salt intake groups.
Mice were kept in metabolic cages for 1 wk on regular chow and were then placed on low salt (0.03% NaCl), normal salt (0.3% NaCl), or high salt (3% NaCl), respectively, for 2 wk. Urine was collected daily. Urine volumes were recorded; urine Na ϩ concentration was determined by ion electrodes purchased from Shelfscientific. After 2 wk, the mice were euthanized; one kidney was taken for imaging and the other for mRNA analysis.
For each mouse, cryosections of kidneys were analyzed microscopically to assess the number of GFP-positive cells. First, we identified a low-power (10ϫ) field that contained GFP-positive cells homogeneously distributed across the entire field. GFP-positive cells were then counted at 40ϫ magnification for the field previously demarcated at 10ϫ. For each mouse of each dietary set, the number of GFPpositive cells was taken as the average of three counts of three slides.
For statistical analysis, the three littermates were considered as a paired set. The mean GFP cell count for the littermate on the normal-salt diet was taken as 1.0, and the GFP cell counts of the other two littermates were normalized relative to this count. Taken over the two generations of mice studied, this yielded six cell-count values for the low-salt diet and six for the high-salt diet relative to normal.
Separately, the other kidney from each mouse above was taken for PGT mRNA expression studies as in the next section.
PGT mRNA measurement by real-time quantitative PCR. Total RNA was extracted from whole kidneys of GFP transgenic mice as above (6 mice in each of 3 dietary groups) and of wild-type mice on the three sodium diets (6 mice in each of 3 dietary groups). cDNA was synthesized from 1 g of total RNA. Synthesized cDNA was mixed with SYBR green and PGT primers. The PGT primers were 5Ј GCAGCCTCACCACTATCGAG 3Ј for the forward direction and 5Ј TGATGAGGATAGCGTTGCTG 3Ј for the backward. ␤-actin was used as an internal control. The real-time PCR was conducted using the following parameters: 1 cycle of 50°C for 2 min; 95°C for 10 min; 40 cycles of 95°C for 10 s, 55°C for 20 s, 72°C for 30 s; and 1 cycle of 95°C for 15 s, 60°C for 15 s, 95°C for 15 s. For each kidney, PGT and D) ; immunofluorescence labeling for aquaporin-2 (AQP2) using Alexa Fluor 568 (red, B and E). C and F are the merges of A and B, and D and E, respectively. mRNA was measured three times, and the average for each mouse was taken from these three measures.
RESULTS

Design and in vitro validation of the PGT promoter-reporter.
Alignment of GenBank-derived mouse PGT cDNA to mouse genomic DNA sequences generated a sequence that is upstream of the PGT start codon. As shown in Fig. 1 , we chose a fragment of 3.3-kb sequence inclusive of the 5Ј upstream nucleotides Ϫ3,423 to Ϫ113 (referenced to the ATG start codon). This fragment contained the TATA-box and the predicted downstream transcription initiation site but did not contain the translation initial site for the PGT gene. A transgene was designed to utilize PGT transcription via the PGT promoter and efficient translation via the enhanced GFP (EGFP) cassette.
We tested the constructs by transiently transfecting mouse Swiss 3T3 cells. As shown in Fig. 2 , transfection with the PGT promoter-GFP reporter construct generated GFP-positive cells constituting more than 30% of the total cell population (Fig.  2B ), whereas transfection with the promoter-free GFP vector did not produce any GFP-positive cells ( Fig. 2A) . Thus the 3.3-kb fragment functions as a promoter to drive the expression of GFP.
Creation, breeding, and genotyping of transgenic mice: a 4.36-kb BamHI. AflII fragment was used to create transgenic mice by standard pronuclear microinjections. Founders were identified by PCR analysis of tail DNA using oligonucleotide primers specific for EGFP. Out of 36 mice, we obtained four positive founders, 13, 26, 29, and 30 (the F0 generation). When crossed with wild-type FVB mice, all founders transmitted the gene to about 50% of their offspring (F1). F2 and the following generations were created in the same manner. We intensively characterized line 29. The following results are of the first four generations of line 29. We also characterized line 13, the results of which were similar to that of line 29.
Copy number of the transgene. The stability of transgene passage was assessed by measuring the relative copy number over several generations. We designed two sets of primers to measure the relative copy numbers, one in the PGT region and the other in the GFP region. These two sets of primers generated consistent copy numbers in the range of 4 -20 for generations F0 to F4. The copy numbers of the transgene in one subline (29-11-22) slightly changed but consistently decreased in another subline (29-11-21) . Overall, there was decline to different degrees in the copy numbers as the transgene was passed down the generations.
Tissue expression of PGT. Using the PCR genotype-positive mouse 29 -2, we made fresh sections of one kidney and cryosections of another. Both kinds of sections revealed multiple bright, GFP-positive cells (Fig. 3) . A representative image of a fresh section at lower magnification (Fig. 3A) shows that GFP is expressed in the cortex, outer medulla, and inner medulla. Expression in the outer medulla is stronger than in the other regions. Close examination of the cryosections (Fig. 3B) suggested that GFP is expressed along the CD. We did not observe definitive PGT-GFP expression in other tissues, suggesting that this promoter regulates PGT expression specifically in the renal CD. In kidney, the relative copy numbers of the transgene varied from one generation to another and from one subline to another. Nonetheless, we obtained a relatively stable subline of transgenic mice (line 29-11-22) , which al- lowed us to localize PGT in the kidney and examine its regulation.
To verify the localization of renal PGT-GFP in the CD, we labeled cryosections of kidney with anti-AQP2 polyclonal antibody and subsequent Alexa Fluor 568 (red in Fig. 4B ) or 350 goat anti-rabbit IgG (blue in Fig. 4E ). AQP2 is a marker of principal cells (14, 31, 33) . As shown in Fig. 4 , most of the GFP-positive cells (Fig. 4, A or D) colocalize with AQP2 labeling (Fig. 4, B or E) , indicating that PGT is expressed in principal cells (Fig. 3, C or F) .
GFP-positive cells are PGT-positive cells. To confirm that the GFP expression is driven by a PGT promoter, i.e., that GFP-positive cells are PGT-positive cells, we labeled cryosections of kidneys from adult mice with anti-PGT antibody and subsequently with Alexa Fluor 568 goat anti-rabbit IgG (red). As shown in Fig. 5 , GFP expression and PGT protein expression were highly concordant. Thus GFP expression appears to be driven by the PGT promoter in these transgenic animals.
Salt intake regulates PGT transcriptional expression in kidney CD. As described in MATERIALS AND METHODS, we placed six sets of mice in metabolic cages on diets containing 0.03%, 0.3%, or 3% NaCl. Each set of mice consisted of sex-matched littermates that had similar baseline GFP expression levels as determined by conventional PCR and the copy numbers of the transgene. As shown in Table 1 , the daily total Na ϩ excretion of transgenic mice on the high-salt diet was about 16-fold that of the mice with normal-salt diet. The daily total Na ϩ excretion of mice on a normal-salt diet was about eightfold that of mice on a low-salt diet.
We also measured daily Na ϩ excretion of wild-type mice on low-, normal-, or high-salt diet. Dietary salt had similar effects on the daily total Na ϩ excretion of wild-type mice compared with transgenic mice (Table 1 , P ϭ not significant for wildtype vs. transgenic for all comparisons).
Following measurements in the metabolic cages, we made kidney cryosections in which care was taken to cut at similar positions relative to kidney anatomy. As shown in Fig. 6A , the number of GFP-positive cells increased in a statistically significant way as a function of dietary sodium. Mice on the Fig. 6 . A: effect of dietary salt intake on collecting duct PGT transcription using promoter-GFP reporter mice. Cell counts of mice on low-and high-salt diets were normalized relative to those on a normal-salt diet. See MATERIALS AND METHODS for details. Values are the mean ratios of 6 sets of mice. Bars represent standard deviations. *P Ͻ 0.001 (unpaired t-test). B: effect of dietary salt intake on whole kidney PGT mRNA expression. The mRNA levels of mice on low-and high-salt diets were normalized relative to those on a normal-salt diet. See MATERIALS AND METHODS for details. Values are the mean ratios of 6 sets of mice. Bars represent standard deviations. *P Ͻ 0.001 (unpaired t-test) . WT, wild-type; TG, transgenic. Fig. 7 . Model of PGT facilitated enhanced prostaglandin E2 (PGE2) stimulation of Na ϩ and water excretion. Upon sodium loading, cyclooxygenase-2 in kidney is induced resulting in more PGE2. The PGE2 level is increased on both luminal and basolateral sides of the collecting duct. PGT is located on the luminal side of the collecting duct. Upon salt loading, PGT is also increased and takes up more luminal PGE2 into the principal cells. The concentrated PGE2 in the principal cells diffuses into the basolateral side of collecting duct and stimulates Na ϩ and water excretion by interacting with its basolateral receptors EP1 and EP3. low-sodium diet had only 71 Ϯ 7.3% (SD) of the GFP-positive cells per low-power field compared with control animals (P Ͻ 0.001). In contrast, mice on a high-sodium diet had 139 Ϯ 14% (SD) the control number of GFP-positive cells (P Ͻ 0.001).
These results indicate that PGT gene transcription is induced in renal CDs by high salt intake.
To confirm an increase in PGT transcription by salt loading, we measured PGT mRNA in whole kidneys of both wild-type and transgenic mice fed 0.03%, 0.3%, or 3% NaCl. As shown in Fig. 6B , PGT mRNA in kidneys of wild-type mice as a function of salt diet were (means Ϯ SD): 0.90 Ϯ 0.05 (0.03% diet), 0.99 Ϯ 0.03 (0.3% diet), and 1.52 Ϯ 0.10 (0.3% diet). In the promoter-GFP transgenic mice, the corresponding PGT mRNA values were: 0.90 Ϯ 0.02 (0.03% diet), 0.99 Ϯ 0.09 (0.3% diet), and 1.55 Ϯ 0.15 (0.3% diet). In both sets of animals, the increase with high salt was statistically significant compared with the other two groups (P Ͻ 0.001).
DISCUSSION
The present studies used a promoter-reporter transgenic mouse as a model system with which to determine whether the PGT is regulated transcriptionally in the kidney in response to dietary salt loading. The transgene was expressed, as is the PGT protein, in renal CDs, especially in principal cells, the site of Na ϩ reabsorption. Higher levels of dietary NaCl intake were associated with higher degrees of PGT transcription in the CDs, suggesting that high salt intake increases the transport of PGs by the renal CD.
These studies address one component of a larger question, namely, the mechanism by which the cell-surface concentrations of prostanoids are controlled. Much experimental effort has been devoted to understanding the regulation of prostanoid synthesis by the COXs, the tissue-specific isomerases, the various G protein-coupled cell-surface prostanoid receptors, and the downstream signaling events. These studies have revealed that PGs signal a vast array of cellular events. Because many PGs, such as the nearly ubiquitous PGE 2 , are structurally stable in plasma, unwanted signaling at a distance would occur were it not for highly localized signal termination. The latter consists of two sequential steps: 1) active PG uptake across the plasma membrane, and 2) intracellular oxidation and inactivation (40, 41) .
Our laboratory has previously shown, using the renal CD as a model system, that PG synthesis and release, on the one hand, and PG reuptake and intracellular oxidation, on the other, occur in the same cell (34) . These results have suggested that PG signaling is analogous to neurotransmitter release/reuptake at the synaptic cleft. In our model, PG (re)uptake after release is mediated by the transporter PGT (6, 12, 28, 31, 35) .
Controlled PG reuptake may be especially important in the renal CD, where PGE 2 is by far the major PG synthesized (8, 13) and where the spatial determinants of PGE 2 signaling are unusually nuanced. In the renal CD, the predominant PGE 2 receptors are EP 1 and EP 3 (9, 26, 32) ; these appear to be located on the basolateral membrane, where they inhibit Na ϩ resorption (5, 38) . The EP 4 receptor is predominantly expressed in the glomerulus but is also expressed at a low level in the CD (9, 32) , where it is likely localized to the luminal/ apical membrane and stimulates Na ϩ resorption (5, 38) . In a CD cell model system, PGT is expressed with fidelity at the apical plasma membrane, where it extracts PGE 2 from the apical (urinary) solution, transports it across the CD epithelium, and delivers it, essentially intact, to the basolateral solution (12) . Thus in situ PGT in the CD would be predicted to reduce luminal PGE 2 and minimize the stimulation of apical (antinatriuretic) EP 4 receptors, while simultaneously increasing basolateral PGE 2 and stimulating basolateral (natriuretic) EP 1 and/or EP 3 receptors.
Our present findings are in accord with an emerging picture in which high dietary sodium intake induces expression of medullary COX (24, 51) , CD PGE synthase (27) , collecting EP 3 (but not EP 4 ) (25) , and CD PGT (present results). This coordinated response would generate PGE 2 and position it at basolateral EP 3 receptors in the CD so as to reduce Na ϩ resorption and thus induce natriuresis (Fig. 7) . PGT represents a novel element in this schema, in so far as part of the control of PG signaling appears to occur at the level of PG metabolism.
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